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Defining the diversity and structure of natural microbial communities through the quantification of their constituent populations has been a long-standing challenge in microbial ecology. Selective enrichment cultivation as an approach for the description of naturally occurring microbial communities has severe limitations (33, 47) . The majority (typically >90 to 99%) of bacteria in nature cannot be cultivated by using traditional techniques (3, 18) . Consequently, it is unlikely that collections of bacterial isolates are representative of in situ diversity and community structure. Furthermore, because relatively nutrient-rich media are generally used for isolation, copiotrophic bacteria rather than the bacteria dominant in the natural community may be selected for.
An alternative approach to understanding the composition of natural communities is an approach that uses recently developed techniques of molecular biology and provides a culture-independent analysis of microorganisms. This approach involves examining variations in 16S rRNA or 16S rRNA-encoding DNA (rDNA) within a naturally occurring prokaryotic community (2, 5, 6, 13-15, 40, 47-5 1) . Our objective in this study was to estimate diversity and community structure by performing a restriction fragment length polymorphism (RFLP) analysis of all clones derived from a library of (eu)bacterial 16S rRNA genes following tandem tetrameric site-specific restriction endonuclease treatment. The 16S rRNA gene contains information which makes it an excellent biomarker of microorganisms. For example, each 16S rRNA gene contains both highly conserved regions found in all living organisms and diagnostic variable regions that are unique to particular organisms or closely related groups of organisms. Analysis of the latter regions leads to a specific RFLP pattern, which in turn can be used to define an operational taxonomic unit (OTU). In this study we used tandem tetrameric restriction endonucleases to produce RFLP patterns, which were then analyzed and cataloged. Furthermore, we used 16S rDNA fingerprinting to confirm both the validity of the RFLP analysis results and the 16S rDNA identities.
We define community structure in terms of the number of OTUs present in a community and the abundance of individual clones within each OTU. These values are estimated by a tandem tetrameric RFLP analysis of each 16S rDNA clone. Diversity is a metric for the number of populations in a community and the genetic relatedness among these populations. In this study we focused only on the populations in a bacterial community; genetic relatedness, as assessed by phylogenetic analysis, will be discussed in a subsequent publication. For both community structure and diversity, we estimated the number of populations by the number of OTUs present in the community. In addition, we used an analog of rarefaction to ascertain that the majority of the total diversity in the native habitat was successfully detected in the 48 (19, 20, 42) . Most notably, the vent waters at Pele's Vents contain extremely high concentrations of total dissolved CO2 (ca. 300 mM) that are more than 100 times greater than the concentration at the Galapagos Rift Vents (9) . Consequently, the in situ pH of vent waters can be as low as 4.2 (42) . The levels of dissolved iron (ca. 1 mM) are 2 x 106 times greater than the levels in ambient seawater and approximately 40 times greater than the levels at the Galapagos Rift Vents (9) . Another (19) . Loihi Seamount has none of the luxuriant macrobenthos (e.g., tubeworms and giant clams that harbor bacterial endosymbionts) present at other deep-sea hydrothermal systems. This characteristic may be related to the absence or extremely low levels of sulfide in the vent waters (42) , to the high levels of dissolved CH4 and iron (19, 20) , or perhaps to the low pH of the effluent waters (42) .
There have been previous descriptive and metabolic studies of the microbiological components at Loihi Seamount. Karl et al. (19, 20) October 1992) of DSRV Pisces V (Fig. 1) . Two independent methods were used to sample the microbial mats. Mat-covered rocks were placed into polyvinylchloride "coffins" to prevent winnowing of the mat material en route to the surface. Hydrothermal fluids containing bacterial mat material were collected by using the vacuum produced by opening 2-liter Niskin baggie samplers adapted with a 2-m Tygon tube for directional sampling. Aboard ship, samples were collected either by aseptically scraping mat-covered rocks or by allowing mat particulates to settle inside suspended Niskin baggies. Samples were quick frozen and maintained on dry ice until they were returned to the laboratory, and then they were kept at -85°C until they were processed.
Genomic DNA extraction and purification. Both French press lysis and enzymatic cellular lysis were used to maximize the recovery of genomic DNA. Approximately 10 g (wet weight) of mat material was thawed on ice, ground with a cold (4°C) sterile mortar and pestle, and resuspended in cold (4°C) sucrose lysis buffer (0.75 M sucrose, 700 mM NaCl, 40 mM Na2EDTA, 50 mM Tris-HCl; pH 8.3) to a total volume of 20 ml; the high salt concentration helped prevent DNA shearing. The mat slurry was passed through a cold (4°C) French pressure cell twice at 20,000 lb/in2, 1 mg of lysozyme per ml was added, and then the preparation was incubated at 37°C for 30 min. After the addition of 0.5% (wt/vol) sodium dodecyl sulfate (SDS), 100 pLg of proteinase K (United States Biochemical Co., Cleveland, Ohio) per ml, 250 ,ug of achromopeptidase (Sigma Chemical Co., St. Louis, Mo.) per ml, and 50 ,ug of RNase A (United States Biochemical Co.) per ml, the mixture was incubated at 55°C for 30 min. The cells in the mat slurry were monitored by microscopic examination to determine that complete lysis had occurred. The polysaccharides and residual proteins were aggregated by adding 1% (wt/vol) hexadecyltrimethyl ammonium bromide and incubating the preparation at 65°C for 30 min. Protein and polysaccharide complexes were removed by extraction with an equal volume of phenolchloroform-isoamyl alcohol (50:49:1) (phenol was first prepared fresh by water saturation, 0.1% [wt/vol] p-hydroxyquinoline addition, and buffer saturation with STE buffer [100 mM NaCl, 10 mM Na2EDTA, 50 mM Tris-HCl; pH 7.4]). The residual phenol was removed by extracting the aqueous phase with an equal volume of chloroform-isoamyl alcohol (24:1). The genomic DNA was allowed to precipitate at -20°C for 8 h after the addition of 0.1 volume of 3 M sodium acetate (pH 4.6) and 2.5 volumes of 100% ethanol and was collected by centrifugation at 10,000 x g for 30 min by using 30-ml Corex glass centrifuge tubes (Corning Inc., Horseheads, N.Y.). The genomic DNA pellet was resuspended to a concentration of 100 ng/pl1, as measured by A260, and the yield was between 10 and 20 Rg/10 g (wet weight) of bacterial mat sample. Approximately 5 to 10 pLg of this crude DNA preparation was purified by treatment with Qiaex (Qiagen, Inc., Chatsworth, Calif.), a uniform 3-pm silica gel matrix which selectively binds DNA in the presence of high salt concentrations.
Oligonucleotide synthesis and purification. All oligonucleotides used in this study were synthesized with a model 380B automated DNA synthesizer (Applied Biosystems, Foster City, Calif.) and were purified by using the Surepure thin-layer chromatography system (United States Biochemical Co.) at the University of Hawaii Biotechnology-Molecular Biology Instrument and Training Facility.
Amplification of 16S rRNA genes. The 16S rDNA was selectively amplified from purified genomic DNA by using PCR (10, 36, 45) (44) . The labeled probes were purified on C18 reverse-phase Sep-Pak columns (Millipore Corp., Milford, Mass.) (23). Southern-blotted RFLP membranes were dried at 80'C for 30 min under a vacuum and UV cross-linked for 2 min (0.1 J/cm2). The membranes were prehybridized for 15 min at 25°C in 10 ml of hybridization buffer (1 x Denhardt's reagent, 0.1% SDS, 1.08 M NaCl, 6 mM Na2EDTA, 60 mM NaPO4 [pH 7.6]) in a hybridizer oven (model HB-1D; Techne Inc., Princeton, N.J.). The solution was replaced with 10 ml of fresh hybridization buffer containing 20 jICi of y-32P-labeled oligonucleotide probe, and the preparation was incubated at 25'C for 4 to 12 h. Following hybridization, the membranes were washed three times (15 min each) in 25 ml of washing buffer (0.1% SDS, 1.08 M NaCl, 6 mM Na2EDTA, 60 mM NaPO4 [pH 7.6]) at 28'C. The final 15-min wash at 37'C was done in washing buffer. Hybridized membranes were kept moist for the purpose of reprobing by placing them on blotting paper saturated with TE buffer and sealed inside Micro-Seal bags (Dazey Corp., Kansas City, Kans.). The Micro-Seal bags were placed directly into autoradiography cassettes with intensifying screens for 6 to 8 h of exposure to X-ray film. Oligonucleotide probes were stripped from membranes by washing the membranes twice (15 min each) with washing buffer at 65'C prior to probing with a different oligonucleotide.
RESULTS
A total of 76 colonies were chosen after they tested positive for ot-complementation of 3-galactosidase, and 51 clones contained an insertion detectable by primary restriction with BamHI plus PstI. A total of 48 of these clones contained the entire 1.5-kb 16S rDNA insert, including three discrete, universally conserved oligonucleotide hybridization sites. These universally conserved sites were assessed by 16S rDNA fingerprinting analyses (data not shown). The RFLP patterns of the 48 intact 16S rDNA clones indicated that only three specific patterns were obtained after primary restriction with BamHI OTU 12 (bp) (n = 12)a (n = 23) (n =3) (n = 1) (n = 1) (n = 2) (n =1) (n = 1) (n =1) (n =1) (n = 1) (n = 1) Primaryb 1,500 plus PstI (Table 1) . These RFLP patterns resulted from no more than one internal cut site within the 16S rDNA insert of any individual clone. Two of the three clones with inserts not used in the OTU analysis contained incomplete inserts that were approximately 600 bp long, and the other clone had an approximately 1.8-kb insert containing a 16S rDNA chimeric structure. The latter was detected after the cloned 16S rDNA insert was digested after secondary restriction with tetrameric endonuclease pairs, which was followed by the hybridization of two discrete sites to a single universally conserved oligonucleotide probe (data not shown).
Secondary restriction of complete 16S rDNA inserts was performed with tetrameric endonuclease pairs (either HaeIII plus MspI or AluI plus RsaI) to identify discrete OTUs. In evaluating the RFLP patterns that emerged, we classified each discrete pattern, which was either unique for a single clone or similar for two or more clones, as an OTU. After secondary restriction of the entire 16S rDNA clone library with HaeIII plus MspI, 11 OTUs, which included all the clones contained in the two dominant OTUs (data not shown), were detected. Secondary restriction of all 16S rDNA clones with AluI plus RsaI was slightly more discriminating in that one additional OTU, which contained a single clone, was detected; OTU 11 was separated from OTU 1 in this manner. Overall, when AluI plus RsaI were used after excision with BamHI plus PstI, a total of 12 OTUs were detected (Table 1; Fig. 2) .
The validity of the 12 OTUs was confirmed by the results of 16S rDNA fingerprinting of representative 16S rDNA clones that underwent secondary restriction with AluI plus RsaI by using oligonucleotide probe 536F (Table 1; Fig. 3 ). In addition, 16S rDNA fingerprinting confirmed that cloned inserts were intact 16S rDNA gene fragments; each of the three oligonucleotide probes used hybridized to the universally conserved regions in the 16S rRNA gene (data not shown for probes 926F and 1406F). Intact 16S rDNA inserts were determined both from the overall sizes of cloned inserts after primary restriction with BamHI plus PstI from the phagemid vector and from the occurrence of a single hybridization site among the RFLP bands for each of the three universally conserved oligonucleotide probes.
Having identified 12 putative OTUs, we determined the distribution of the 48 16S rDNA clones among these OTUs (Fig. 4) To determine whether in situ bacterial diversity was well described by the 16S rDNA clones examined, the cumulative number of OTUs was plotted as a function of clone number 48 bacterial 16S rDNA clones from the bacterial mat community at an active, hydrothermal vent system at Loihi Seamount, Hawaii. Abundance, as determined by the number of 16S rDNA clones found in each OTU, was used to define the community structure. The OTUs are shown in order of initial detection. (Fig. 5) . The bacterial 16S rDNA clones were numbered solely on the basis of initial detection, which was assumed to be stochastic. This technique is analogous to generating a rarefaction curve to estimate species richness from a deterministic transform of species abundance data (46) . After the first 27 bacterial 16S rDNA clones were examined, 11 (Fig. 4) (25, 26) , and in marine environments it is likely that starvation-survival processes are a common metabolic strategy for a majority of the bacteria (27) (28) (29) . When in a starvation survival-state, marine bacteria lose viability as well as cellular DNA and RNA disproportionally, depending on the prestarvation growth rate (29) (30) (31) (32) . The rRNA content decreases predictably during starvation-survival, with loss rates that depend on the physiological state at the onset of starvation (11, 21) . A positive correlation between cellular ribosomal (rRNA) content over a wide range of growth rates for bacteria is a long-standing axiom in microbial physiology (8, 17, 35, 39) . Recently, this relationship was demonstrated elegantly by using fluorescent 16S rRNA-targeted hybridization probes for single cells of E. coli B/r (7) and for single cells of sulfate reducers found in biofilms (34) . Direct analysis of 16S rRNA can potentially bias diversity estimations in favor of rapidly growing populations of cells and can underestimate the genetic diversity present in a given habitat. Therefore, the 16S rRNA of a natural microbial community better estimates the physiologically active microorganisms that are present than the absolute genetic diversity and community structure. Consequently, estimating diversity at the DNA level, rather than at the RNA level, theoretically provides a more accurate measurement of taxonomic group variability by potentially detecting slowly growing or dormant microorganisms present within the community.
Estimating community structure and diversity at the DNA level is an invaluable tool for microbial ecology, but this strategy also has potential problems and limitations. The oligonucleotide primers used to amplify the 16S rRNA genes from the bacterial mat community are complementary to regions conserved over the entire bacterial domain. Therefore, we assumed that the clone library contained an array of 16S rDNAs approximately as diverse as that of the bacterial mat community at Pele's Vents. Furthermore, the distribution of 16S rDNA clones within a library ultimately should approximate the relative distribution of cells in the habitat. However, the possibility of selection during the DNA extraction process exists, and care must be taken to achieve the highest possible level of efficiency in cell extraction and DNA recovery to avoid selection prior to PCR amplification of the cloned 16S rDNA. It is also possible that "cell-free" detrital DNA, which may have been adsorbed onto the mineral-rich microbial mat material found at Pele's Vents was extracted. The potential for bias at the level of the PCR and ligation reactions also exists, which is why care was taken to use multiple PCR and ligation reactions to construct the bacterial clone library. Finally, as shown previously, when conducting community structure and diversity analyses with these techniques, workers must be especially alert to and test for the possibility of PCR-mediated chimeric gene amplification.
In summary, in this study we demonstrated a novel approach for estimating microbial diversity and community structure from environmental samples by using recently developed molecular biological techniques. We used tetrameric restriction endonuclease pairs to detect OTUs by an RFLP analysis of a PCR-amplified 16S rDNA bacterial clone library. Using this technique coupled with rDNA fingerprinting, we estimated the number of OTUs and the abundance of each OTU. We applied this approach to the bacterial mats at Pele's Vents, a deep-sea hydrothermal vent system, and showed that the bacterial community is dominated by 2 OTUs and contains at least 12 OTUs, entities analogous to bacterial species. Phylogenetic analyses of the 16S rRNA genes from each of the bacterial OTUs, as well as archaeal community structure and diversity analyses of the microbial mats at Pele's Vents, are currently under way.
